versus offline (monthly average) sulfate and find little difference on a global average, but we do find differences as great as 10% in some regions. Thus, for example, over some polluted continental regions the forcing due to offline sulfate exceeds that of online sulfate, while over some oceanic regions the online sulfate forcing is larger.
Introduction
Anthropogenic sulfate is believed to have a significant effect on planetary radiation and climate and may also play an important role as a locus for heterogeneous chemical reactions. Estimates of anthropogenic Since the current study focuses on sulfate mass transport, we are particularly interested in discerning the influence of the sulfate distribution on radiative forcing. We will also examine the differences between using online and off-line sulfate to calculate forcing. Feichter e! al. [1997] found a very small difference between off-line and on-line sulfate forcings on a global average for the direct radiative forcing, but a large overestimate of forcing (20%) by offline sulfate for indirect forcing. We will revisit this issue, since most previous radiative calculations and all climate studies have used offline sulfate.
Model Description
The prognostic species SOs, sulfate, HuOu, dimethyl-
sulfide (DMS) and methanesulfonic acid (MSA) are run on-line (i.e. respond immediately to model processes) in the Goddard Institute for Space Studies (GISS) general circulation model (GCM) II-prime. Model resolution is
40 latitude by 50 longitude and 9 vertical sigma layers, with 1 to 2 layers in the stratosphere. The model uses climatological fixed sea surface temperatures. In comparison with the older version of the GISS GCM [Hansen et al., 1983] this version has improved subroutines for the boundary layer, convection, land surface, and a cloud liquid water budget, and uses the quadratic upstream scheme for heat and moisture advection as well as a fourth-order advection scheme. Details on the various components are discussed or referenced by Rind and Lerner [1996] . Chemical species are also transported using a quadratic upstream scheme. The radon 222 simulation of Rind and Lerner [1996] indicates reduction of tropical convective transport compared with the previous version of the GISS GCM.
Sources
Sources of SOs and DMS are listed in Table 1 
KOCH ET AL.' GISS GCM CALCULATION OF SO4 DIRECT RADIATIVE FORCING

23,801
The rates for these reactions are enhanced, approximately doubled, in the presence of water vapor. The rates are taken from Atkinson et al. [1992] .
Hydrogen peroxide is destroyed photochemically and by reaction with OH, using the reaction rate from Atkinson ½t al. [1992] . (6) where k is taken from Jacob [1986] . We use the dissociation of SO2(aq),
SO2(aq) -• HSO•-+ H +,
with equilibrium constant K• taken from Jacob [1986] . Using Henry's law and equation (7), equation (6) Transport of chemical species follows the convective air mass transport and scavenging is applied only to species within (or below) the cloud updraft. We treat the dissolved species as the condensed water in the GCM is treated. Thus, all dissolved species are assumed to be removed and deposited, except for the fraction that is detrained or evaporated. Detrained species are returned to the air (in this sense we do not follow the GCM; we do not have a dissolved species budget).
Stratiform clouds form and then grow after the relative humidity exceeds the threshold of 60%. These are the dominant cloud type in the extratropics except during the summers, and they generate about one third of GCM precipitation. They include detrained anvils from convective clouds, so that stratiform precipitation makes up about 15% of the precipitation in the tropics. Cloud water content m is carried as a prognostic variable in the GCM. Precipitation formation is param- 
where To is the initial concentration and F is the fraction of precipitating grid box. The GCM calculates the fraction of grid box containing cloud, b; however, it does not determine how much of the cloud is precipitating.
To account for this we use F = briar, where fiat is the ratio of precipitating water to total condensed water.
Below precipitating clouds we scavenge aerosols and soluble gases. Sulfate fo'rmation is calculated for falling precipitation using equation (8) 
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Comparison With Observations
We first compare model results with annual average surface observations, then consider seasonal variability, and finally compare with high altitude observations. Table 5 shows a comparison of annual average model concentrations with observations, averaged within regions. Table 6 As was discussed above, the use of prognostic II202 has the effect of increasing surface SO2 and decreasing surface sulfate. The fixed H202 simulation has typically about 5% more sulfate at the surface, 5-10% less surface SO2, and about 10% greater deposition flux.
It thus performs somewhat better in Europe than the prognostic H202. Over North America the prognostic H202 gives better sulfate and S deposition in the east, but the fixed II202 results in lower (better) SO2 concentration and S deposition in the west.
Figures 10 and 11 are a representative sample of sites showing seasonality behaviors of SO2 and sulfate over Europe and North America. In Figure 10 we see that the model bias is greater during the wintertime at the northernmost sites (e.g., Figures 10a, 10e, and 10f) . The bias occurs throughout the year farther south (e.g., Figures 10b and 10h) . Although at most locations the bias is quite high, in some locations, e.g., Arendsville, Pennsylvania (Figure 10g) , agreement is good. Figure   10c shows two sets of observations within one GCM gridbox in Germany that have SO2 concentrations differing by as much as a factor of 2; this demonstrates the degree of variability among observed values. Finally, as shown in Figure 10d , there are a few locations where the model SO2 is lower than observed. Figure 11 shows sulfate at the same sites as in Figure  10 . Typically, the sulfate in Europe is observed to peak during the springtime or lacks clear seasonality. The model tends to peak during summertime. The model sulfate is generally low during the wintertime in Europe, so that increased wintertime oxidation in Europe would improve the simulation. Many of the northernmost sites in North America have fiat seasonality like in much of Europe (e.g., Figure 11e ). Further south in North America, the sulfate is observed to be highest during summertime. The model successfully simulates this, although it tends to be less sharply peaked than observed (Figures 10g and 10h) Figure 12 shows the regions from these campaigns that were used in the comparison. We have attempted to distinguish between relatively polluted and remote boxes for the PEM data sets. In general, however, the distinction applies mostly to low altitudes. Figure 13 shows comparison of 23,810 Figures 13a and 13b) . This is likely connected to the generally low S levels in remote (e.g., southern) regions (see also Figures 14a, 14b, 15a, and  15b) . than other studies, possibly because this version of the GISS model had excessive convective activity over continents, which efficiently removed SO2 from the surface. The use of prognostic H202 does not improve the simulation of sulfate seasonality over North America and Europe compared with models using fixed oxidation rates or fixed H202 fields. Like most previous studies, our model tends to put a larger sulfate seasonal cycle over Europe than is observed. Kasibhatla et al. [1997] showed that adding a mechanism for heterogeneous SO2 oxidation improved the simulation over Europe by increasing the amount of wintertime oxidation relative to summer; however, this degraded the simulated seasonality over North America. Greater differences among models are expected •o be seen at higher altitudes, due to the significant differences in global SO2 and sulfate burdens (see Table 2 ). It is difficult to compare and validate models at high altitudes, both because of sparsity of observations and because few model studies present high-altitude concentrations. We might expect the correlation between cloud optical thickness and sulfate to increase if the sulfate were assumed to act as CCN.
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In the following section we will explore how the cloudsulfate relationships affect the use of online instead of offline sulfate to calculate radiative forcing.
Direct Radiative Forcing
Light scattering due to the sulfate aerosol distribution in the GCM was calculated using the single gauss Table 7 we list several studies that provide the information needed for this calculation. From the table we can see that our model has a significantly higher anthropogenic burden (although our total sulfate burden is not high compared with the other models, the natural contribution is lower). The normalized forcing (which expresses the effects of the remaining radiative influences) is within the range of the other studies. Kiehl and Briegleb [1993] attributed the larger forcing of Charlson et al. [1991] to their lack of dependence of the specific extinction on wavelength. Much of the differences amongst the models in Table 7 may be attributed to the dependence of scattering efficiency, or optical thickness, on relative humidity. Kiehl and Briegleb [1993] used an approach identical to negative (e.g., the northern oceans). This is expected, since in regions where cloud-sulfate correlation is high, a monthly average sulfate optical thickness would be too large during times when cloud cover is low. Conversely, in regions of negative correlation, monthly average sulfate would not be large enough during times of low cloud cover. Thus in general, using off-line sulfate will tend to overestimate sulfate forcing in polluted regions.
Conclusions
We have performed a tropospheric sulfur simulation in the GISS GCM that includes the in-cloud oxidant H202 as a prognostic species. The model has anthropogenic S02 burden and anthropogenic sulfate radiative forcing which are near the high end of previous investigations.
The large SO2 burden, as also found and discussed by Ro½lofs ½! al. [1998] We have compared our model with previous models and with available observations. Near the surface, our model performs similarly to many previous simulations. The surface sulfate simulation is good, particularly in North America where both magnitude and seasonality are well reproduced. However, as in previous studies, the surface SO,concentrations are higher than those observed in polluted regions, typically by a factor of 2 or more, with largest biases at high latitudes during winter. Also, the model sulfate in Europe is too high during summer and too low during winter. As was discussed by Ifasibhatla ½! al. [1997] , some of these difficulties would be alleviated by addition of a heterogeneous oxidation mechanism. In the case of our model, similar to theirs, such a mechanism is likely to improve the simulation in Europe but would degrade the simulation in North We calculate an anthropogenic sulfate direct radiative forcing of-0.67 W/m 2. This forcing is within the range, but near the high end, of previous estimates. This is partly because of the large anthropogenic sulfate burden in our model. Our formulation for allowing dependence of optical thickness on relative humidity may also contribute to larger forcing than in many previous studies.
Since most sulfate radiative forcing studies are based on offline sulfate fields, we compared the forcings of online and off-line sulfate. Like Feichter et al.
[1997], we found little difference on a global average. However, we did find regional differences. In particular, over some polluted, continental regions, the forcing from the off-line sulfate was typically greater by 10%. This appears to be related to the fact that sulfate tends to be positively correlated with clouds in these regions. If monthly average sulfate values are used for forcing calculations in such regions, excessive sulfate will be assumed during times of low cloud cover, and the sulfate forcing will be overestimated. It is precisely in these regions that the climatological study of Mitchell et al. [1995] found that temperature changes due to (off-line) sulfate and greenhouse gas forcings were lower than observed changes. Here we have shown that the use of online sulfate would improve such simulations that have too little warming over continents and too much warming over oceans, although the improvement is probably less than needed.
